We report a detailed high-resolution powder neutron diffraction investigation of the structural behaviour of the multiferroic hexagonal polymorph of YMnO3 between room temperature and 1403 K. The study was aimed at resolving previous uncertainties regarding the nature of the paraelectricferroelectric transition and the possibilities of any secondary structural transitions. We observe a clear transition at 1258±14 K corresponding to a unit cell tripling and a change in space group from centrosymmetric P 63/mmc to polar P 63cm. Despite the fact that this symmetry permits ferroelectricity, our experimental data for this transition analysed in terms of symmetry-adapted displacement modes clearly supports previous theoretical analysis that the transition is driven primarily by the antiferrodistortive K3 mode. We therefore verify previous suggestions that YMnO3 is an improper ferrielectric. Furthermore, our data confirm that the previously suggested intermediate phase with space group P 63/mcm does not occur. However, we do find evidence for an isosymmetric phase transition (i.e. P 63cm to P 63cm) at ≈920 K which involves a sharp decrease in polarization. This secondary transition correlates well with several previous reports of anomalies in physical properties in this temperature region and may be related to Y-O hybridization.
I. INTRODUCTION
The AMnO 3 manganites (with A= Lanthanide, In, Y, Sc) have attracted much interest in recent years due to their multiferroic properties 1, 2 . Two structural forms of these materials exist, both displaying multiferroicity 3 . The orthorhombic form, a perovskite with room temperature space group Pnma, occurs for A=La-Tb. The hexagonal form, with a layered structure, shown in Figure 1(a) with space group P 6 3 cm at room temperature, is favoured for A= Dy-Lu, In, Y, Sc. Varying the synthesis technique, however, allows for some flexibility of this trend 3 .
YMnO 3 can be synthesised in either of the two polymorphs. The hexagonal form is obtained when standard ambient pressure solid state synthesis conditions are used. This form has Mn 3+ ions coordinated by five oxide ions, forming a trigonal bipyramid. The Y 3+ ions are coordinated by eight oxide ions (six equatorial oxygens from two symmetry inequivalent sites and two inequivalent apical oxygens). The bipyramids are tilted with respect to the c-axis and the two Y-O apical bond lengths for each yttrium site are unequal as a result of this.
The hexagonal manganites are ferrielectric (i.e. have opposite but unequal dipole moments within the unit cell leading to a net polarization) up to high temperatures in excess of T C ≈ 900 K 4 and order antiferromagnetically below T N ≈ 70 K 5 . The ferrielectricity is due to opposing dipoles caused by opposite but unequal displacements of the two yttrium sites and the associated tilting and distortion of the MnO 5 bipyramids 6, 7 . This is an unusual driving mechanism for ferroelectricity and has been termed 'geometric ferroelectricity' 7 as it seems to depend purely on ionic size effects rather than the more ubiquitous electronic effects such as d 0 cation Jahn-Teller distortions (Ti 4+ , Nb 5+ etc.) 8 or the presence of stereochemically active s 2 lone pair cations such as Pb 2+ or Bi 3+ . Due to the experimental difficulties in measuring physical properties such as the dielectric constant at the high temperatures of the ferrielectric phase transition, ambiguity exists about the mechanism and exact nature of the transition between the room temperature polar P 6 3 cm structure and the centrosymmetric P 6 3 /mmc state (shown in Figure 1 (b)) which is suggested to exist ). The Y atoms (green) are 8-fold coordinated by oxygen (yellow) and the Mn atoms are 5-fold coordinated (blue polyhedra).
above ≈1250 K. This aristotype structure is the undistorted form of the ambient temperature structure. The low temperature structure is generated from the aristotype by loss of mirror symmetry perpendicular to the caxis resulting in tilted MnO 5 bipyramids, unequal apical Y-O bond lengths and a larger unit cell, with three times the P 6 3 /mmc unit cell volume and the low temperature unit cell parameters a= √ 3a ′ and c=c ′ . Previous studies have produced a wide range of transition temperatures using various methods, tabulated in Table I , for both the ferrielectric transition temperature (T C ) and the unit cell tripling transition between P 6 3 /mmc and P 6 3 cm (T S ) which tilts the MnO 5 trigonal bipyramids (untilted in the high-temperature P 6 3 /mmc phase) and corrugates the Y 3+ layers leading to tripling of the ab-plane unit cell area and therefore the unit cell volume.
The variety of transition temperatures measured has been attributed to impurities introduced by the synthesis method 14 but the subtle nature of the transitions and lack of polarization or thermodynamic measurements also make transition temperatures difficult to define.
Furthermore, the possibility of an intermediate phase between P 6 3 /mmc and P 6 3 cm has been noted 13, 17, 18 . The possible intermediate phases were identified using descent of symmetry arguments 6, 17 ; a diagram of the possible transition paths is shown in Figure 2 . The transition from P 6 3 /mmc to P 6 3 /mcm would involve unit cell tripling caused by displacement of the O1-Mn-O1 axis within the ab-plane but no tilt of the MnO 5 bipyramids or Y 3+ displacement. Taking the path from P 6 3 /mmc to P 6 3 mc would involve no change in unit cell volume, only loss of the mirror plane allowing independent polar displacements of all atoms along c. Therefore, the most straightforward method of identifying the transition path is to determine whether the cell tripling occurs at the same point as the polar displacement and examine the Y site splitting and tilt of the MnO 5 bipyramids. 
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The descent-of-symmetry diagram for the transition between centrosymmetric P 63/mmc and polar P 63cm. The arrow labels denote the distortion modes leading to the lower symmetry space groups, the K modes are unit cell tripling modes.
Although Nénert et al. 14 proposed P 6 3 /mcm as the intermediate phase, no structural parameters from their intermediate phase region were published. Therefore, a systematic variable temperature study with careful examination of the distortions of the structure and comparative refinements of alternative space groups is required.
Most crystallographic studies thus far have used powder x-ray diffraction which usually does not allow such reliable and precise determination of lattice parameters and atomic positions in oxide materials as neutron diffraction. This therefore increases the difficulty of pinning down the location and nature of the phase transitions. The only previous powder neutron study 15 involved four temperatures between 1000 K and 1400 K and left the key issues unresolved. To attempt to resolve this uncertainty, we have undertaken a higher resolution powder neutron diffraction study using finer temperature intervals.
II. EXPERIMENTAL A. Sample Synthesis and Characterisation
A single phase polycrystalline sample was prepared by standard solid state synthesis. A stoichiometric mixture of Y 2 O 3 (Sigma Aldrich 99.999%) and MnO 2 (Sigma Aldrich 99.99+%) was ground under acetone, pressed into pellets and heated at 1473 K on sacrificial powder in an alumina boat for 140 hours with intermediate grindings every 18 hours. The sample quality was monitored using laboratory x-ray diffraction (Stoe STADI P with Cu K α1 source in flat-plate transmission mode) throughout the synthesis to ensure a phase-pure sample was obtained. Energy Dispersive X-ray (EDX) spectroscopy was also used to confirm that the sample was not con-taminated by, for example, aluminium from the alumina crucible.
B. Powder Neutron Diffraction
Powder neutron diffraction was undertaken on the High Resolution Powder Diffractometer (HRPD) at ISIS 19, 20 . A 5g sample was sealed in a quartz tube and placed in a cylindrical vanadium can mounted in a standard furnace. Data were collected at 28 temperatures between 293 K and 1403 K (every 60 K from 373 K to 1093 K then intervals of 10 -30 K to 1403 K) with appropriate equilibration times at each temperature before commencement of data collection. The data used for the analysis were all taken from the backscattering detector bank centred at 168
• with resolution
. Data were refined using the Rietveld method with the program GSAS 21 . A 20 term shifted Chebyshev background function was used to account for the substantial quartz background and appropriate absorption corrections were applied. Small peaks from the vanadium can were identified in all patterns, these were not included in the refinements.
III. RESULTS

A. High Temperature Phase
The transition from the high temperature P 6 3 /mmc phase to the low temperature unit cell tripled phase is signalled most clearly by the appearance of the (202) peak due to the factor of √ 3 increase in a as shown in Figure 3 . This peak is absent in all datasets above the 1243 K dataset where it first appears. It then increases in intensity with decreasing temperature. The diffraction patterns have no reflections breaking P 6 3 /mmc symmetry at 1273 K or above.
The Rietveld refinements in the high temperature phase converged quickly and anisotropic thermal displacement factors were refined for all sites. Refined structural parameters in the P 6 3 /mmc phase at 1303 K are given in Table II .
The smooth variation of the thermal displacement factors (see supplementary material) and lattice parameters with temperature in this high temperature regime suggest that there is no higher temperature phase transition. Refinements in the polar space group P 6 3 mc in the same unit cell did not give improved fits (see supplementary material). Moreover, there is no previous evidence of any physical property measurements supporting the occurrence of a non-centrosymmetric phase at this temperature. There is also no indication of a transition to a further high temperature polymorph in space group P 6/mmm which was recently proposed by Abrahams 18 to be the aristotype structure present above the P 6 3 /mmc phase. This structure would have a halved c-axis length relative to the other phases and would require a large displacement (≈ 0.99Å) in oxide ion positions. The existence of this phase also seems implausible in chemical grounds as it requires abnormally short Y-O bonds. From our data we conclude that in the temperature range 1403 K to 1273 K YMnO 3 exists in the P 6 3 /mmc phase. The dataset immediately below the tripling transition was refined against P 6 3 cm and P 6 3 /mcm models to check for the existence of the previously proposed intermediate phase. Both refinements followed the same strategy with the same time-of-flight range, background type and number of background coefficients. Individual isotropic thermal displacement parameters were refined for all atoms. Figure 4 shows the plot resulting from the Rietveld refinement in space group P 6 3 cm and Figures 5 and 6 show plots of the comparative refinements over selected d -spacing ranges. The P 6 3 /mcm phase proposed by Nénert et al.
14 and Abrahams 18 gave a poorer refinement judged by both R factors and by eye. The refined structural parameters and the wR p and χ 2 values for the P 6 3 cm model are shown in Table III . The parameters for the P 6 3 /mcm model are included in the supplementary information. Two specific points may be noted in the P 6 3 /mcm refinement. First, the refined x parameter of O1 is within error of 1 3 (i.e. the allowed displacement does not occur). Second, the thermal displacement parameter, u iso , for the equatorial oxygen O3 (corresponding to O4 in the P 6 3 cm model) is almost twice as large as the other two oxygen thermal displacement parameters. Indeed, anisotropic refinement of this atom shows a highly elongated ellipsoid (due to a large u 33 parameter). This indicates that the continued imposition of the mirror symmetry perpendicular to c in the tripled cell is physically unreasonable and the equatorial oxygen plane is in reality tilted. On removal of the mirror plane (i.e. in the polar P 6 3 cm model) both of the equatorial oxide sites and the yttrium sites are allowed to relax their z -coordinates leading to significant displacements and more reasonable u iso values. Based on our data, we therefore conclude that the correct space group is P 6 3 cm.
The Rietveld refinements were performed for all datasets up to the unit cell tripling transition in space group P 6 3 cm. The data above the transition was re- fined in P 6 3 /mmc. The refined structural parameters for the room temperature data are shown in Table IV and are in very good agreement with previous single crystal studies 7 . Figure 7 shows the lattice parameters and unit cell volumes extracted from the refinements. An almost linear temperature dependence of the a-axis parameter (the aaxis parameter obtained from the refinements of data in the high temperature centrosymmetric phase are scaled by a factor of √ 3) is seen up to about 1100 K where an increase in gradient becomes noticeable. This is followed by a sharp decrease in gradient near 1270 K. The c-axis parameter decreases until about 1270 K above which it is roughly constant and the cell volume shows a similar trend to the a-axis parameter. The standard deviations of the lattice parameters are of the order of 1.5 × 10
−5Å
for the a-axis and 4 × 10 −5Å for the c-axis. The trends in a and V are better seen by removing a linear term from the temperature dependence. This was done by subtracting a simple linear fit to the highest temperature data (where the dependence is effectively linear) and scaling all data points by the 1403 K value. The results of this are shown in Figure 8 and the change in behaviour around 1270 K is clear in all three variables. This is confirmed by inspection of the temperature derivatives of a and c shown in Figure 9 .
The tripling of the unit cell directly upon leaving the P 6 3 /mmc phase removes the possibility of a transition through P 6 3 mc as this structure would retain the smaller unit cell. From the lattice parameter derivative data it is clear that the unit cell tripling transition is in the range 1258±14 K, which confirms the direct evidence from the superlattice peaks presented in Figure 3 .
The corrugation of the Y 3+ layers may also be examined to investigate displacements occurring as the system moves towards the high temperature centrosymmetric phase. This phase has a single Y 3+ site with 3m symmetry at fractional coordinates (0,0, symmetry is lowered, the mirror plane is lost and two of the six Y 3+ ions displace 'upwards' along z (Y1, Wyckoff site 2a) while four displace 'downwards' (Y2, Wyckoff site 4b) from the centrosymmetric position. The sum of the c-axis displacements, inÅngströms for a single ion from each site, ∆Y = ∆(Y 1) z + ∆(Y 2) z , is shown in Figure 10 . The corrugation increases from zero in the P 6 3 /mmc phase to about 0.27Å sharply and then increases smoothly with decreasing temperature.
C. Secondary Transition
In the higher symmetry P 6 3 /mmc phase, the MnO 5 trigonal bipyramids are untilted. It can be seen from Figure 11 that the evolution of apical tilt angle (calculated by taking the angle of O1-O2 to the c-axis direction) with decreasing temperature is relatively smooth, being fixed to zero by symmetry at and above 1273 K. Inspection of the O3 and O4 z coordinates, shown in Figure 12(a) , shows a feature around 913 K with both z -coordinates suddenly decreasing. The displacement of O3, in particular, increases markedly with decreasing temperature, moving below the Mn ion for T ≤ 853 K. Figure 12(b) shows the tilt of the equatorial oxygen plane with temperature (angle of O3-O4 to the ab-plane), there is a sharp increase at T ≤ 913 K. The sudden decrease in O3(z ) and O4(z ) and increase in the equatorial oxygen plane tilt would correspond to a sharp decrease in polarization. This would account for the peak in pyroelectric current seen by Ismailzade and Kizhaev 9 as pyroelectric current is proportional to ∂P ∂T for constant heating rate. The resistivity data of Katsufuji et al. 11 and Choi et al.
2
also show a crossover in resistivity behaviour in this temperature region. The Y-O bond lengths shown in Figure 13 vary smoothly within error bars except for around 913 K where there is a sudden decrease in the Y1-O3 bond length. This corresponds to the bonding change seen by Kim et al 16 . These authors observed hybridisation of Y1 and O3 between 910 K and 930 K by Maximum Entropy Method (MEM) analysis of the electron density from synchrotron x-ray data. The O3 coordinates the Y1 site apically whereas the O1 and O2 coordinate it in the equatorial direction as shown in Figure 14 . The concordance of the structural changes seen in the present study with the pyroelectric current, resistivity and x-ray diffraction data strongly suggests that there is an isosymmetric phase transition taking place at ≈ 920 K.
The program Amplimodes 22,23 was used to examine the magnitude of the Γ + 1 , Γ − 2 , K 1 and K 3 distortion modes of P 6 3 /mmc. The results are shown in Figure 15 . The nature of these distortion modes can also be examined and visualised using Isodisplace 24 . Γ + 1 corresponds to a symmetric breathing mode with the order parameter being the change in z coordinate of the apical oxygen O1. Γ − 2 involves a polar displacement of the ions along the c-axis leading ultimately to the space group P 6 3 mc. K 1 leads to the space group P 6 3 /mcm by allowing only the O-Mn-O axis to displace in the ab-plane, tripling the unit cell. K 3 is the antiferrodistortive mode leading to P 6 3 cm by a tilt of the MnO 5 bipyramids and antiparal- lel displacements of the Y 3+ cations leading to unit cell tripling.
It is clear that the K 3 mode is dominant in general although the K 1 mode amplitude is slightly larger for the 1243 K dataset (we note that this results almost exclusively from a significant displacement of the Mn xcoordinate (see supplementary material): since the Mn atom has the smallest neutron scattering length, this is the least well-determined positional parameter in this study). This dataset was refined in both P 6 3 /mcm and P 6 3 cm space groups as already stated and P 6 3 cm gave the better fit. At the secondary transition (≈920 K), the amplitude of the Γ − 2 mode decreases abruptly and the K 3 mode shows a small step increase. This would (as a partial contribution to the polarization of the P 6 3 cm structure) cause a sharp decrease in the polarization and corresponds to the behaviour seen in O3 and O4 parameters. The polarization, P , was estimated for the refined structures using a simple ionic model,
where ∆c i is the displacement of the site from the centrosymmetric position inÅngströms, Q i is the ionic charge, e the electron charge, the site multiplicity is denoted by m i and the unit cell volume by V . The results of this estimate are shown in Figure 16 .
IV. CONCLUSIONS
In summary, our data confirm that there is no intermediate phase (of the proposed P 6 3 /mcm symmetry or any other candidate symmetries) between the high temperature, paraelectric P 6 3 /mmc phase and the unit-cell tripled polar P 6 3 cm phase. This transition occurs between 1243 and 1273 K and is driven primarily by a non-polar displacement mode of K 3 symmetry in agreement with earlier theoretical works 6 . Hexagonal YMnO 3 is therefore an improper ferroelectric, with the antiferrodistortive K 3 mode triggering a weaker, polar distortion of Γ − 2 type. Although there is no clearly defined 'intermediate' phase of differing crystallographic symmetry, our data provide subtle, but compelling evidence of a secondary isosymmetric transition in the P 6 3 cm regime, at around 920 K. This transition involves polar displacements of the Mn-O equatorial planes, and may be related to an electronic transition involving hybridisation of the Y1-O3 bond. Perhaps surprisingly, this leads to a decreased polarization but nevertheless does agree with the various anomalies in physical properties reported around this temperature. The position is fixed to 1 3 in the P 63/mmc phase and is shown for completeness. 
